ABSTRACT Guinea pig heart metabolism was studied in vivo by '3C NM.R at 2O.18 MHz. High-quality proton-decoupled 13C NMR spectra with excellent signal-to-noise ratios and resolution could be obtained in 6 min. Natural-abundance spectra showed resonances that could be assigned to fatty acids, but glycogen was not seen. During intravenous infusion of D-[1-'3C]glucose and insulin, the time course of myocardial glycogen synthesis was followed serially for up to 4 hr. Anoxia resulted in degradation of the labeled glycogen within 6 min and appearance of 13C label in lactic acid. Infusion of sodium [2-'3C]acetate resulted in incorporation of label into the C-4, C-2, and C-3 positions of glutamate and glutamine, reflecting "scrambling" of the label expected from tricarboxylic acid cycle activity. Examination of the 31P NMR spectrum. of the guinea pig heart in vivo demonstrated no change in the highenergy phosphates during the time periods of the M3C NMR experiments. Our studies indicate that 13C NMR is a unique nondestructive tool for the study of heart metabolism in vivo.
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A full understanding of the regulation of metabolic processes. in, vivo must rely on studies that allow continuous,'nondestructive monitoring of metabolic fluxes under different physiological or pathophysiological conditions. Over the past 8 years, it has been shown by several workers that alp NMR is a useful, nondestructive tool that can monitor the energy status and the pH of cellular suspensions and perfused organs (for reviews see refs. 1-6). Noninvasive 31P NMR studies have been performed in vivo on brain (7, 8) , liver (9) , kidney (10) , and human forearms (11) . Recently, Grove et at (12) have also studied high-energy phosphate metabolism in rat heart in vivo. Despite its usefulness as a noninvasive technique, however, 31P NMR is limited to the detection of ATP, phosphocreatine, inorganic phosphate, phosphodiesters, and sugar phosphates. By contrast, 13C NMR spectroscopy is potentially more versatile as a tool for metabolic studies in vivo. The utility of 13C NMR for the investigation and quantitation of metabolic fluxes in a variety of cells, tissues, and perfused organs is well established (1, (13) (14) (15) (16) (17) (18) (19) (20) . However, there has only been one report indicating the feasibility of '3C NMR studies in vivo (21) . Alger et at obtained natural-abundance .3C NMR spectra of fatty acids in rat head, rat abdomen, rat hind leg, and human arm. In a preliminary experiment, these workers also demonstrated the incorporation of 13C label from D-[1-13C]glucose into liver glycogen in vivo' (21) .
In the studies presented here, we have examined the naturalabundance 13C NMR spectra of guinea pigheart in vivo and observed the incorporation of 13C label into myocardial glycogen and amino acids. Furthermore, the temporal resolution achieved in the 13C NMR spectra made it possible to investigate metabolic fluxes. Animals. Adult Hartley strain guinea pigs (Charles River Breeding Laboratories), weighing between 600 and 750 g, were maintained on water and chow ad lib until the day of study.
Preparation of in Vivo Hearts. Animals were anesthetized with sodium pentobarbital (25 mg/kg intraperitoneally) and mechanically ventilated on room air through a tracheal cannula. An intravenous polyethylene (PE-50) catheter was placed in the jugular vein and maintained patent with an isotonic saline infusion. The animals were placed on a platform warmed to 40'C through a circulating water coil. The thorax was opened through a mid-sternal incision, and the pericardial sac was removed. The heart was positioned within the receiver rf coil. NMR Measurements. 31P and '3C NMR spectra of heart in vivo were obtained at 32. '3C NMR Spectra of Heart Extracts. At the termination of an experiment, the heart was rapidly excised, rinsed with saline, and freeze-clamped between aluminum plates at liquid nitrogen temperature. Perchloric acid extracts of hearts were obtained by homogenizing the frozen tissue in 3-4 vol of 7% perchloric acid in water in a precooled 55-ml tube. The homogenate was centrifuged for 15 min. The pellet was reextracted with 7% perchloric acid and centrifuged, and the supernatants were combined. Salts were precipitated by dropwise addition of 3 M potassium carbonate under rapid stirring to achieve a pH of 6.0. The precipitate was removed by centrifugation and the supernatant was lyophilized. All extraction steps were carried out at 20C. The lyophilized extracts were dissolved in 2H20 (99.8%), and 20 ,ul of p-dioxane per 2 ml of extract was added to be used as internal chemical shift standard. 13C NMR spectra of extracts were obtained at 90.55 MHz on a Bruker WH-360 NMR spectrometer in 10-mm tubes, using quadrature detection and CYCLOPS pulse phase cycling. Bilevel proton decoupling was employed, with 1 W of power during the delay and 5 W of power during data acquisition. Spectra were obtained with a spectral width of 20 kHz, a pulse angle of 60°, an acquisition time of 0.41 sec, and a delay of 1.4 sec.
RESULTS
Prior to 13C NMR experiments, the 31p NMR spectrum of guinea pig heart was studied in vivo. The 31p NMR spectrum, as shown in Fig. 1 , is essentially identical to that obtained from rat heart in vivo by Grove et (23, 24) . Over the time course of the glucose infusion (1 hr), the glycogen C-1 signal increased in intensity, as shown in Fig. 4 shows a 90.55-MHz 13C NMR spectrum of a perchloric acid extract of a heart that was freeze-clamped at the end of a glucose and insulin infusion. The spectrum shows resonances due to the C-1 carbons of glycogen and D-glucose. The signal at 100.6 ppm disappeared totally after the addition of 1,4-a-Dglucan glucohydrolase, confirming its assignment to the C-1 glycogen carbon. The strong signals from the a and 83 anomers of D-glucose in the extract suggest that there is a considerable amount of free glucose in heart muscle during glucose and insulin infusion. The glucose resonances seen in vivo result from glucose located intracellularly, in interstitial fluid, and in blood within the ventricular chambers.
The effect of anoxia on the C-1 signal of glycogen in vivo is shown in Fig. 5 . A 13C NMR spectrum, accumulated in just 6 min, was obtained at the end of infusion of D-[1-'3C]glucose plus insulin (Fig. 5, spectrum a) . The respirator was then turned off, and the animal was subjected to a rapidly progressive sequence of hypoxia and finally anoxia. Fig. 5 , spectrum b, shows a 6-min 13C NMR spectrum that was started about 3.5 min after the respirator was turned off, and Fig. 5 , spectrum c, -is the difference spectrum of a and b. In Fig. 5 , spectum b, the C-1 glycogen signal has clearly disappeared, illustrating the rapid degradation of the labeled glycogen during anoxia. At the same time, a signal at 21 ppm has appeared in the difference spectrum, which is due to the C-3 of lactic acid.
The 13C NMR spectra of guinea pig heart in vivo before and after the infusion of 1 fusion, resonances appeared at 55.5 and 34.2 ppm, demonstrating the incorporation of 13C label into the C-2 and C-4 positions of glutamate and glutamine. We were unable to-distinguish glutamate from glutamine resonances in vivo; because the 13C NMR signals are approximately 0.5-1 ppm wide, before digital filtering. The incorporation of 130 label from acetate into glutamate has previously been observed by Bailey et al. (25) in the isolated perfused rat heart. The difference spectrum of a and b, spectrum c in Fig. 6 , clearly shows resonances due to the C-2, C-3, and C-4 carbons of glutamate and glutamine and the C-2 of acetate. Fig. 7 shows a 90.55-MHz 13C NMR spectrum of a perchloric *acid extract of a heart freeze-clamped at the end of sodium [2-'3Clacetate infusion. The spectrum shows mainly resonances due to glutamate andvglutamine C-2, C-3, and C-4. Glutamate and glutamine C-2 and C-3; respectively, are not resolved, whereas there are separate resonances for the respective C-4 atoms. In the above experiment, the 13C label appears predominantly in glutamate. In other experiments, a higher ratio of glutamine to glutamate was found. The line splittings observed in the extract spectrum are due to 13C023C spin coupling. Quintet structure arises from a superposition of triplet and doublet lines. The doublet structure arises from 130C23C spin coupling between C-3 and C4, or between C-3 and C-2, because the coupling constantsJ2,3 andJ3,4 are approximately equal. The triplet structure arises from coupling between C-3 and the two adjacent carbons, C-2 and C4. I; glutamate C-2; II, citrate C-2; HI, glutamate C-4; IV, glutamate C-3; V, acetate C-2; VI, glutamine C4.
DISCUSSION
The present paper demonstrates that it is possible to obtain highquality proton-decoupled 13' NMR spectra of heart in vivo with excellent signal-to-noise ratios and resolution in a short time of data accumulation. Prior Figs. 2 and 3 , the C-1 glycogen signal was essentially fully relaxed, as indicated by comparison with experiments performed using longer delays between NMR sampling pulses. In fully relaxed spectra, peak areas are directly proportional tothe concentration of tissue metabolites, allowing the determination of their relative concentrations. By calibrating signal areas -against a reference sample of known concentration, absolute metabolite concentrations can also be measured. However, applying NMR sampling pulses at.intervals much greater than the spin-lattice relaxation times of the resonances is inefficient. Knowledge of the T1 of the substrate of interest and optimization of the pulse angle (26) allows the signal-to-noise ratio per unit time to be maximized; hence good quality spectra may be obtained in a much shorter time. These spectra can be used to monitor rapid metabolic fluxes and even to perform quantitative studies, if the resulting partial saturation of the resonances is corrected by consideration of the spinlattice relaxation times or by comparison with fully relaxed spectra.
Recent natural-abundance 13C NMR measurements of liver glycogen have shown that despite glycogen's high molecular weight virtually all of the 13C nuclei contribute to the observed NMR spectra, presumably due to widespread intramolecular motion (24) . If the same is true of heart glycogen in vivo, then the NMR spectra obtained at 20.18 MHz correspond-to the total amount of D-[1-'3C]glucose incorporated into glycogen.
The temporal resolution achieved in the current study allowed high-quality 13C NMR spectra of myocardial glycogen to be recorded in periods of 6 min or less (Fig. 5) . This (Fig. 7) . These experiments point out that considerations of the relative labeling of the glutamate carbons in vivo, coupled with spectra of heart extracts, can give information about the degree of pool labeling and tricarboxylic acid cycle activity. The total amino acid content of guinea pig heart muscle, after infusion of sodium [2-'3C]acetate, was measured in perchloric acid extracts by using an amino acid analyzer. Glutamate and glutamine together account for 56% of the a-amino acids present in the extract. The high concentration of glutamate and a rapid equilibrium with 2-oxoglutarate probably account for the strong resonances of the C-2, C-3, and C4 glutamate carbons.
Glycogen, due to its intracellular abundance, appears to be a particularly suitable substrate for 13C NMR analysis in cardiac muscle (Figs. 2 and 3) . The availability of a nondestructive method for the study of glycogen synthesis (or glycogenolysis) will allow a reevaluation of the factors responsible for in vivo regulation of glycogen synthesis. For example, it has been difficult to demonstrate a stimulatory effect of insulin on glycogen synthesis in the perfused rat heart (27) . Indeed, an increased glycogen content is found in hearts from diabetic animals (28) . In contrast to the heart, insulin promotes glycogen synthesis in both liver and muscle (29, 30) . The present experiments show that with 13C NMR the acute effects of insulin on glycogen synthesis in vivo can be readily measured. Likewise, the effect of physiologic or pharmacologic increases in glycogenolytic hormones (epinephrine or glucagon) or increased heart rate on glycogenolysis can be investigated because our temporal resolution allows monitoring of both slow and fast metabolic fluxes. The results demonstrate that 13C NMR spectroscopy is a unique, nondestructive tool for the study of heart metabolism in vivo. Furthermore, by combining alp NMR and '3C NMR spectroscopy in vivo, metabolic fluxes in high-energy phosphates and myocardial glycogen under different conditions could be investigated at the same time in the same animal.
